Here, we report on the oxygenation and roughness features of polystyrene and polyethylene terephthalate films, induced by air dielectric barrier discharge (DBD) processing using different electrode-platen configurations. The combinations of triple electrode-platen used were stainless steel wire electrodes-rubber platen (WE-RP), ceramic electrodes-aluminium platen (CE-AP) and quartz electrodes-aluminium platen (QE-AP). The degree of oxygenation of polymer surfaces achieved by processing in the QE-AP combination was comparatively higher (as observed by x-ray photoelectron spectroscopy) than that for the other discharge configurations used. The surface roughness following DBD processing with the CE-AP set was found to be critically higher (by atomic force microscopy) than with the WE-RP and QE-AP combinations. We conclude that the localized physical damage of the polymer surface caused by the microfilaments present in the discharge can be avoided by suitably optimizing the experimental conditions, i.e. the appropriate use of electrode-platen system, the speed of processing (or residence time) and the operating power.
Introduction
Low-pressure plasma processing techniques and their potential for enhancing material surface properties for a range of applications have been studied widely [1] [2] [3] . Therefore, in recent years, research interest has increasingly focused on the commercialization of this technology using atmospheric pressure dielectric barrier discharges (DBD) [4] [5] [6] . The main advantages of the DBD techniques are the feasibility of treatment in vacuum free environments. The latter clearly offers flexibility in processing speed and in-line/on-line continuous treatment options, in the dimension of the material to be processed. However, there is a potential disadvantage; namely damage to the treated surface that may arise if the processing conditions are not suitably optimized for the particular material of interest. 3 Author to whom any correspondence should be addressed.
The introduction of new organic vapour delivery systems and operation under a pulsed discharge mode at atmospheric pressure demonstrably permits selective functionalization of material surfaces for specific applications [7, 8] . Some recent reports on the generation of atmospheric pressure glow discharge (APGD) using a precise carrier gas (mixtures of He or Ar with nitrogen) composition with the appropriate design of the associated discharge unit/power supplies provide additional scope for uniform surface treatment without introducing potential surface damage [9, 10] . However, technical limitations (such as, the accurate tuning of the power supply required and use of relatively expensive carrier gas mixtures) in obtaining discharges of this type limits industrial scale applicability. Therefore, the scope of this report is to examine the utility of different electrode systems and/or dielectric barrier materials and other external operational conditions, which avoid significant surface damage. In this regard, our recent report on the oxygenation of polypropylene surface using two different electrode-platen systems adds further insight onto the selection of an appropriate discharge configuration for polymer processing [11] . The effect of DBD operating parameters, such as, power, exposure time and gas gap on resultant surface property of various polymers has also been reported from our laboratory [12] . This report focuses additionally on the response of aryl containing polymers to treatment in air with three different discharge configurations.
Experimental

Materials
Biaxially oriented polystyrene (PS) and polyethylene terephthalate (PET) films of thickness 50 µm were obtained from Goodfellow Cambridge Ltd, UK. The polymer foils (7 × 7 cm 2 ) were cleaned ultrasonically in isopropyl alcohol for 30 min and subsequently dried in an oven at 80˚C.
Methods
The specifically designed lab-scale DBD reactor (ARCOTEC VB-A4, GmbH, Germany, volume type) is used to simulate industrial scale processing conditions. The reactor consists of three closed compartments. The first is used to place the specimen on a movable platen, the second central compartment is used for mounting the discharge electrode system (to a maximum of three), and the third provides space for the deceleration/acceleration of the platen in complement to the first sector. Further detail of reactor design is shown in figure 1 and reported elsewhere [11, 13] . The moving platens offering a 'to and fro' motion at controlled speeds, used in this study are a 55 × 25 cm 2 aluminium platen and PTFE platen (dielectric constant ε ∼ 2, thickness ∼10 mm) of the same size covered with a 2 mm thick silicone rubber (dielectric constant, ε ∼ 3). Three parallel stainless steel wire electrodes (inter-electrode distance 51 mm) are used in combination with the rubber covered platen (WE-RP), whereas, three ceramic (CE-AP) (ε ∼ 9.2) and quartz electrodes (QE-AP) (ε ∼ 4.2) are used with the aluminium platen. Using four vertical calibrated precision screws, the distance between the electrodes and moving platen was set at 1.5 mm and kept as such throughout the study. The current and voltage waveform of the DBD system were obtained using a digital oscilloscope (Tektronics TDS5032B). The current probe was connected to the moving platen using a 50 resistor. Using the external power setting knob (0-10 unit divisions) provided, the applied voltage delivered to the electrode system could be varied. Overall, by changing the speed, the number of passes of the moving platen, and the power setting, different degrees of modification can be achieved. Experimental conditions such as, speed, number of passes and power setting were kept the same for intercomparison of the effects of the three different electrode-platen configurations of interest. For convenience, the transit speed of the moving platen and the number of passes are combined to provide a 'residence time', which we define as, 'time spent by a sample in the discharge zone'. The residence time was varied from 0.2 to 1.3 s. Since each discharge combination delivers different powers, as shown in figure 2 , the external power setting was used as a convenient reference and varied as 0, 2, 4, 6 and 8 units. It should be noted that the power supply is effectively self-tuning, switching on/off as the platen reaches and exits the position of the three electrodes.
Static contact angle measurements of the pristine and processed polymers were made using a CAM200 optical system (KSV Instruments Ltd, Finland), equipped with singlecolour LED light source for imaging the liquid drop autodispensed on the surface of sample. The image of the droplet is then grabbed and processed via a Sony XC-73CE monochrome video camera, using PC-based controller, acquisition and data processing system. Distilled water at a droplet size of 5 µl was used as a working liquid and the average of five readings from successive drops placed on the substrate was recorded to gauge errors in measurement.
The x-ray photoelectron spectroscopy (XPS) system used is a Kratos Analytical (Manchester, UK) XSAM-800 instrument equipped with a Mg K α (1253.6 eV) x-ray source and concentric hemispherical analyser. The photoelectrons emitted were collected at a take-off angle of 90˚from the plane of specimen surface. Quantification of the spectral data was performed by the DS800 software system provided. Curve-fitting of the C (1s) (carbon 1s core level) spectra was performed using XPSPeak 4.1 software. The band envelope determinants were allowed to vary in the interactive curve fitting process, i.e. the full-width at half-maxima (FWHM) was constrained in the range of 1.0-1.5 eV. The corresponding Gaussian : Lorentzian ratios were unconstrained (typically G : L ratios of 9 : 1 resulted), the corresponding binding energies were likewise allowed to vary over a limited range consistent with the acceptable chemical environments. All the C (1s) curve-fitted components were calibrated and referenced to 284.7 eV for aromatic C-C/C-H type carbon. The error data reported are produced from the C (1s) curve-fitting envelopes obtained for two different representative specimens cut from the same sample. The optical emission spectra (OES) of different air DBD operational configurations was obtained by using Mechelle 7500 spectrometer with KX2 CCD detector. Prior to recording the emission spectra the spectrometer was calibrated against standard emission lines obtained from a Hg (Ar) lamp. For recording the OES of the discharges, a fibre optic cable was mounted through the Perspex window directly on the reactor chamber and focused onto the discharge zone. A pre-exposure check was used to calculate optimum recording time and the number of scans to be acquired. The OES spectra are recorded over the 200-1050 nm range and normalized against the 337.0 nm, O 2 (B ↔ X) band.
Changes in the nanometric scale surface roughness resulting from the DBD treatments was measured by atomic force microscopy (AFM) operating in the tapping mode (silicon probe tip; spring constant = 20-100 N m −1 ; resonant frequency = 200-400 kHz; scan size, 10 µm; scan rate, 0.5 Hz) using digital instruments, dimension 3100 series, scanning probe microscopy. The arch-shaped bowing in the scans found at the large scan sizes used was removed by performing second order planefit in the x and y directions. The mean roughness (R a ) and root mean square (R q ) roughness values presented are derived from 10 µm scan size images obtained.
Results and discussion
The PS and PET films were processed under similar experimental conditions (by varying residence time and external power setting) using the different discharge configurations described above. Surface analysis of these films shows marked decreases in the static contact angle and increases in the surface oxygen content (expressed as the O/C ratio), as shown in table 1 . The values underlined in the table show the maximal values of both contact angle and O/C ratio achieved with the respective discharge configurations. For the treatment of the PS film, the larger decrease in the contact angle and greater oxygenation of the surface (in terms of an increase in O/C ratio) is achieved using the QE-AP combination (θ = 34.1 ± 2.5˚; O/C = 0.33 ± 0.01) at low processing power. On the other hand, for the PET surface treatment, the most effective lowering in contact angle was observed using the WE-RP configuration (θ = 34.9 ± 1.8˚), whereas oxygenation of the surface is significantly higher (O/C = 0.99 ± 0.07) when processed at an intermediate power using the QE-AP combination. In general, surface oxidation of polymer lead to decrease in contact angle value, as a result hydrophobic property of surface becomes hydrophilic after DBD treatment. XPS depth probe on polymer surface is about few nanometre, therefore, a logical correlation is expected between lowering in contact angle value and corresponding increase in surface oxygen monitored by XPS [14, 15] . The incoherence between greater lowering in water contact angle value without corresponding rise in the oxygen content of the polymer surfaces for DBD treatment in WE-RP combination signifies contribution of surface roughness to the measured contact angle value.
Curve-fitting of the C (1s) envelope of the PS film, treated using the different electrode-platen combinations (for specimens underlined in table 1 [16] [17] [18] [19] [20] [21] . It is clear from the tabulated data that the oxygenated carbon environments formed by the treatments with the different discharge configurations are essentially the same. It is also apparent that the concentration of the functionalities formed with the QE-AP combination is higher than when the same polymer is processed with the other electrode configurations.
In order to differentiate the physical nature of the discharges, the periodic variation in current and voltage of the individual electrode combinations were measured and these data are presented in figure 3 . The random filamentary nature of the discharge contributes to spikes superimposed on the displacement current. The discharge obtained from the CE-AP combination appears to be more filamentary in nature than those of the corresponding WE-RP and QE-AP discharge configurations. The average time of switching 'on' and 'off' the individual/group of microfilaments present a R t -residence time (s); P -position of external power setting knob.
The underlined values shows simultaneous maximal lowering in contact angle and oxygenation achieved by the respective configuration. Table 2 . Concentrations of the C (1s) envelope components of the PS and PET films obtained after optimum DBD treatment (for the samples underlined in table 1) . are: the WE-RP, 108 ns; the CE-AP, 62 ns and the QE-AP, 58 ns. This shows that the microstreamers in the CE-AP and QE-AP configurations are more diffuse than in the WE-RP combination. Visual inspection of the discharges for the different DBD configurations does indeed show a more uniform streamer discharge with a lower number density for the WE-RP set, a random filamentary discharge for the CE-AP combination and highly uniform filamentary structure with a greater number density of discharge channels for the QE-AP combination. For the WE-RP and CE-AP discharges some 'surface discharge' on the exterior of the electrodes away from the inter-electrode gap was also noticed [22] . Typical OES recorded for the three different DBD configurations used here and the representative atomic and molecular emission lines observed from these discharges are shown in figure 4 [23] [24] [25] [26] . It is evident from the normalized emission spectra that the WE-RP and QE-AP combinations show a higher population of potentially reactive species than does the CE-AP set. The intensity of some of the typical bands of molecular and of ionic oxygen species is also very weak in intensity in the CE-AP discharge system. Induced changes in the surface roughness of the polymer films produced by the filamentary nature of DBD at higher processing power (typically >800 W) are shown in figure 5 . The values of surface roughness obtained from the AFM scans are tabulated in table 3. Note that, for processing at the lowest power no significant topographical damage to the polymer surface was detected for the different electrode configurations. The localized damage on the polymer films, caused by the energetic microstreamers, when processed at higher powers with greater residence times is also visible by optical microscopy. It is apparent from the AFM images and the derived roughness data that the degree of surface damage in the case of PS is greater for processing with the WE-RP configuration ((c); size of crater features, 245-650 nm) and CE-AP ((e); size of craters, 920-990 nm) than the QE-AP ((g); size of craters, 19-195 nm) combination. In the case of the modified PET film some distinct parallel crests are observed after treatment with the WE-RP set ((d); feature height, 14-33 nm), CE-AP ((f ); feature height, 44-99 nm) and QE-AP ((h); feature height, 4-54 nm). Simultaneous phase contrast imaging complements the representative topographical features observed for the modified PET film. The phase lag between cantilever oscillation relative to the piezo drive in this case was found to be higher for the crests and lower for the troughs. Since PS and PET film shows distinctly different features for DBD treatment under similar conditions, it is anticipated that unique topographical feature of modified PET are reflection of macromolecular arrangements. The lack of direct correlation between the contact angle and O/C ratio data tabulated in table 1 becomes clear when considered along with these topographical features. The contradictory aspects of lower oxygenation and relatively greater lowering in the contact angles observed at higher processing powers for the WE-RP and CE-AP combinations is therefore attributed to surface roughness contributions. In this context, the contact angle on a rough surface (θ r ) is numerically related to the thermodynamic contact angle on a corresponding smooth surface (θ s ) of a particular material by the following equation, where r is the roughness factor, i.e. the ratio of actual surface area and geometric surface area [27, 28] .
Therefore, the higher the roughness factor the greater will be the deviation from the real contact angle value. The trend in differences in the contact angle and O/C values in present case is therefore attributed to the growing surface roughness and moderate oxygenation of the surface when the samples are processed at higher powers. In a DBD the presence of the insulator, in the present case rubber, ceramic or quartz (also air and polymer film can contribute), in the discharge gap increases the capacitance of the discharge zone. The higher the dielectric constant of the material the greater will be the capacity to hold electric charge. As a result, the presence of the dielectric material reduces the effective electric field present. The discharge in Figure 4 . Normalized optical emission spectrum of (a) the WE-RP, (b) the CE-AP and (c) the QE-AP DBD discharge configuration.
this case would therefore be more controlled in the form of distinct microstreamers. As the voltage applied to the electrode system increases, greater electric charge accumulates on the dielectric surface leading to the generation of a greater number of discharge microfilaments. In the present case, the ceramic electrodes result in generation of a more filamentary random discharge, even at lower applied potentials, due to the higher dielectric constant of the ceramic. On the other hand, the similar dielectric constants of silicone rubber (WE-RP) and quartz (QE-AP) used compete for the generation of a more uniform filamentary discharge. For the WE-RP combination the electrical potential is distributed uniformly over the entire electrode surface causing the generation of dipolar character over the rubber platen surface to ease the breakdown.
It is important to note that the presence of additional dielectric layer (or polymer film) over rubber platen may also induce temporal dipoles on the surface. We have recently demonstrated that presence of polyvinyl chloride film in discharge gap may induce temporal orientation of chlorinated chain on polymer surface that may recover after one month of storage [13] . Therefore, the uniformity of the discharge or the generation of the microfilaments present depends entirely on the average density of these temporal dipoles at dielectric surface. In case of the QE-AP set-up, a uniform potential is formed on the relatively smooth quartz surface (to an extent depending upon the composition of quartz) that gives regular microfilamentary discharge. These differences in basic characteristics of the DBD system leads to the generation of uniform discharge filaments, whose number density depends up on the applied potential. The generation of active species capable of inducing surface chemical changes also depends upon this basic electrode-platen design, as seen from the OES data shown in figure 4 . Apart from the effects of the discharge configuration and external operating conditions, any degradation or mechanical damage of the processed polymer films also depends upon the structural and chemical nature of material concerned. Recently, we have shown that sensitive polymers, such as, polymethylmethacrylate (PMMA) and polyetheretherketone (PEEK) undergo significant degradation when treated even under mild conditions using the WE-RP and CE-AP discharge configurations [29] . Therefore, depending upon the chemical nature of material to be processed and the outcome sought, different DBD configurations can be utilized. Generally, for polymers with saturated hydrocarbon or aromatic structures to maximize oxidation/functionalization with minimal damage processing with WE-RP or QE-AP combinations at intermediate power levels is appropriate. On the other hand, for less robust and more sensitive materials having intrinsically carboxylic, acrylate or ketonic functional groups the use of quartz electrodes with a rubber platen combination, i.e. two dielectric layers is ideal.
Conclusions
From the reported results we conclude that the choice of dielectric barrier material in designing a DBD system is of great importance. Chemical functionalization of a polymer surface can be achieved effectively by using the QE-AP combination and by processing at relatively low or intermediate powers (typically 500-600 W for 0.2-1.3 s) without introducing serious topographical damage. For polymer films that are relatively less robust and prone to surface damage, the combination of quartz electrodes with silicone rubber platen appears ideal.
